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ABSTRACT

Measurements of the angular distribution of auroral kilometric

radiation (A KR) are presented using observations from the Hawkeye 1,

IMP 6 , and IMP 8 satellites. The wave experiments on Hawkeye 1 and

IMP 6 provide electric field measurements of AKR in narrow frequency

bands centered at 178, 100, and 56.2 kHz and IMP 8 provides measure-

ments at 500 kl-iz . From a frequency of occurrence survey, at satellite

radial distances greater than 7 R~
’ (earth radii), it is shown that AKE

is preferentially and instantaneously being beamed into solid angles

of approximately 3.5 steradians at 178 kHz , 1.8 steradians at 100 kHz ,

and 1.1 steradians at 56.2 kHz , directed upward from the night time

auroral zones. Simultaneous multiple satellite observations of AKR

in the northern hemisphere show that the radiation occur s simultane-

ously throughout these solid angles and that the t opside plasmapause

acts as an abrupt propagation cutoff on the night side of the

earth. On the day side of the earth this abrupt cutoff at the plasma-

pause is not observed.

The results of a computer ray tracing model qualitatively

• describing the propagation characteristics of AKR are also discussed .

This model assumes small source locations emitting radiation at

different frequencies from altitudes of 1.5 to 3~5 Re in the aur oral
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zone at 2~ hour magnetic local time along a 7O~ invariant latitude

field line . The source locations closely satisfy the relation tha~

the radiation is emitted at frequencies of approximately 3/2 times

the electron gyrofrequency. 
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I . INTRODUCTION

Recent satellite observations have revealed two distinctly

different non-thermal radio emissions associated with the earth’ s

magnetosphere . Both types of emissions occur at kilometric wavelengths

in the radio spectrum . One of these types of radiation has a relatively

~)n~tant intensity and is very weak . The radiat ion has been called

the ‘non-thermal continuum ’ and is generated between the plasmapause

and the magnetopause with the greatest intensity on the day side of

the earth [Gurnett, 1975]. The other type of radiation, which has

been called ‘terrestrial kilometric radiation’ by (iurnett [l97L~]

and by Kaiser and Alexander [1976], consists of intense sporadic

bursts of electromagnetic energy generated over a wide range of

distances (2 to 15 earth radii) above the auroral zones [Kaiser and

Alexander, 1976]. To avoid confusion with the non-thermal continuum

radiation, Kurth et al. 11975] term th is sporadic noise ‘auroral

kilometric radiation ’ • The present stun ;,’ considers satellite obser-

vations of auroral kilometric radiation (AKP ) only.

Dunckel et al. [1970] first showed that AKR was correlated with

large values of the auroral electrojet index (AE
’. Gurnett [19714]

also reported that during periods of magnetic substorm act ivity ThIP 6

observed intense auroral kilometric radiation and as magnetic activity
I-

r ~;
- —-— -- - -fl.-- -- ~~~~~—--~——--~~~~- ~.-—~~ -- --~.— .-~~~~~ ~~~~—.•.~ ---‘~~-- —~~~ -
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decreased so did the frequency of occurrence and intensity of AKR.

Using photographs produced from the optical scanner aboard the DAPP

satellite Gurnett [19714] showed a close association of AKR with

discrete auroral arcs. Ackerson and Frank [1972] observed that in-

• tense ‘inverted V’ electron precipitation events are correlated with

discrete auroral arcs . The combination of these two lines of evidence
k

suggests that AKR is associated with the inverted V precipitating

electrons. -

I The power spectrum of AKR has a large degree of variability

with time. Gurnett [1971~4] shows a power spectrum of a typical auroral

kilometric burst as observed by IMP 8 that has a peak power flux of

about lO~~~ watts m 2 Hz~~ at 178 k}Iz. On either side of the peak

the spectrum decreases rapidly in intensity to the receiver noise

level at about 30 kHz and to near the cosmic background at 2 MHz .

Kaiser and Stone [ 1975] show a power spectrum with peak frequency

near 500 kHz and they also indicate that the peak may sometimes be as —

low as 130 k.Hz. Gurnett [19714] estimated that at peak intensity, the

total power of AKR is sometimes as high as i09 watts .

Preliminary evidence presented by Gurnett [19714] at 178 kHz

indicated that AKE is generated at radial distances as low as 2.8 Re

(Re = earth ’s radius) in the evening auroral zone, from a source

-• that “subtends a small angular size ”. The rotating electric antennas

on IMP 8 and Hawkeye 1 were used by Kurth et al. [1975] to locate the

average source region of AKR projected onto the equatorial plane at

-
‘ - the frequency of 178 kHz. From IMP 8 observations the average source

~

- --

~

-—--. - -  ~~
• - - - - -
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region was found to be at a local time of 21.25 hours and at 0.835 Re

from the polar axis. Along an auroral field line (700 invariant

latitude) thi.s source region would be at about 2 Re~ 
The Hawkeye 1

observations presented by Kurth et al. [1975] also gave similar results.

Using RAE 2 in orbit about the moon , Kaiser an’3 Alexander [1975]

produced two-dimensional source location measurements of AKR from lunar

occultations. They found that although the average source location at

250 kHz is between 2 to 3 Re above the polar regions , a number of

events indicate that t he  radiation may occasionally be generated at

large radial distances ( > 7 Re). From single lunar occultations

Alexander and Kaiser [1976] have observed several source regions at

the same frequency. The most intense component of the multiple

sources , they report . is almost always closest to the earth and the

weakest component is the most distant . In addition , the sources in

the northern hemisphere , on the night side, appear to trace out a 70~
invariant latitude magnetic field line. A preliminary investigation

by Alexander and Kaiser [1976] of the variation of source positions

with observing frequency indicated that AKR emission at frequencies

above 300 kHz came from closer to the earth than the emissions at

- ‘ 
- frequencies less than 250 kl-Iz.

The purpose of this paper is to determine the angular distribu-

tion of auroral kilometric radiation at different frequencies making

use of observations from three satellites over a period of several

years. Variations in these observed angular distributions as a

_ _ _ _
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function of frequency are explored in order to try to obtain more

information on the spatial position and characteristics of the source

of the auroral kilometric radiation. The results of this survey are

compared with ray tracing calculations for several proposed methods

• of generating this radiation.

F

~‘ 
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II. METHOD OF ANA LYSI S

A.  Instrumentation

The University of Iowa has near ly identical plasma wave experi-

ments onboard Hawkeye 1, IMP 6, and IMP 8. IMP 6 and Hawkeye 1 are

in highly elliptical earth orbits. The apogee of Hawkeye 1 is over

the north polar region at a radial distance of 130.856 km. The apogee

of IMP 6 is nearer to the equatorial plane (orbit inclination of 28.7°)

at a radial distance of 212,630 km. IMP 8 is in a slightly elliptic

earth orbit near the equatorial plane with initial perieee and apogee

radial distances of 1147,14314 and 295,0514 km respectively and an

- 

‘ 

orbit inclination of 28.6’ .

Each of the three satellites has a long dipo le antenna which is

used for electric field measurements. The Hawkeye 1 antenna is the

shortest measuring 141.8 meters from tip-to-tip. The IMP 6 and the

IMP 8 antenna are longer , 92.5 meters and 121.8 meters tip-to-tip,

respectively. To determine the electric field intensity at various

frequencies the antenna signals are periodically ana lyzed with spectrum
I.

analyzers. The IMP 6 spectrum analyzer has 16 frequency bands with

center frequencies from 36 Hz to 178 ki-Iz . For this experiment the

filter bandwidths range from about + 10% of the center frequency at

high frequencies to + 20% at low frequencies. The electric field

spectrum analyzers onboard Hawkeye 1 and IMP 8 also have 16 narrow band

--
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frequency channels with center frequencies from 1.78 Hz to 178 kHz

(+ 10%) and 140 Hz to 178 kHz (± 10%) respectively . In addition, IMP 8

has a tunable w ide band receiver which measures the electr ic f ield

J intensity at 2 MHz , 500, 125, or 31.1 kHz with a bandwidth of + 1 kHz .

The tunable wide band receiver on IMP 8 and each spectrum analyzer

channel on Hawkeye 1, IMP 6, and IMP 8 has a -~ ,‘namic range of about

100 db. The raw data from these spectrum analyzers are output voltages

which range from 0 to 5 volts and are approximately proportional to

the log of the actual voltage across the dipole antennas.

In 6 months }Iawkeye 1 covers 214 hours of magnetic local time

and provides observations from over the northern polar regions.

Complete coverage of magnetic latitudes between -145° and +145 0 at all

magnetic local times (out to 33 Re) is accomplished by IMP 6 after one

year in orbit. The magnetic latitudinal coverage of IMP 6 and IMP 8

are quite similar but a larger body of data is now available from IMP 6.

Consequently observations from IMP 6 and Hawkeye 1 will be combined to

determine the angular extent of aurora l kilometric radiation at 56.2 ,

100, and 178 kHz in the northern hemisphere. Additional coverage by

IMP 8 at 500 khz will also be presented .

B. Cross Calibration of Hawkeye 1 and iMP 6

~ince cb~ta from two dif ferent sat ellites , u--P 6 and Hawkeye 1,

are to be combined in a single frequency of occurrence analysis it is

desirable to perform a cross calibration of the two instrument sensi-

~~~~~
- tivities to make certain that no systematic differences are present in

the calibrations. A convenient method of performing such a cross

--
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ca1i~iration is to compare sir,i1taneo~ s on :ervat ion~ of a type III

solar radio burst . Type III  ~urst~ are r~~io emissions from the

interaction of the interplanetary Lediun w~tn su~ent~ier~ al electrons

emitted from the sun durino a flare f~~in ,  1-i 70j .  The use of the

type III bursts to provide a cross calibration of

Hawkeye 1 and IMP 6 is hase’~ on tb :  as~ u ’ rt i -n th~I~. -3ifferences in the

distances b~t:~~en the satellites and tb~ ori~ ir of i he  tnpe III burst

is negli gible compared to the distance the radiation has to travel to

either of the catellites. P-ot h ~‘.ste1lites nr c  then subjected to t~ e

same power f lux .

Figure 1 shows a ser ies of simultaneous observations of type

III solar radio bursts by IMP 6 and Hawkeye 1 at 100 and 56.2 kHz

on September 18, 19714, and at 178 kllz on September 17. 19714 . The

signatur e of a type III burst at these frequencies c~ n }e recognized

easily as a smooth rapid increase in signal strength to a maximum on

a time scale of a few minutes, then ~ gradual decrease to the re-

ceiver noise level on a time scale of several tens of minutes . Note

the mult iple type III event on September 17, 197)4 , ~n the 178 kHz

channels. The 1~.rge sporadic fluctuations on either s u e  of the

mult ip le type ru are bursts of AKR . Close examir~r~. - on shows that the

two satellites are tracking the same AKR bursts as evident in the

simultaneous rise and fall i~ the electric field strengt h in the 178

k}Iz channels .

The cror s calibration graphs on the left of Figure 1 are ob-

tained by p1ottin~ the raw voltage output of Hawkeye ’s spectrum

J~~~ 
_
_ _  

~~
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analy:er versus the raw voltage -n~tput cf IMP 6’s analyzer for these

type III bursts. Each point is a measur ement from both satellites

t aken  at the same time cud at t±~c same frequency during the slowly

- - decreasing part of the type I1 radio signal. Only the peaks in the

measurement s were used to ta ke into account the obvious spin modula-

t ion.  Fr an the line tn :ach - -rn ph the relationship between t~~ output

j oltc~ e from the receivers on Hawkeye I an -n ~MF 6 can he found . These

outnui. vo1ta~:es are asnume~ ~o correspoi~h to the same power f lux .

The slope of each floe is un i t y .  confi rming that the sensi t ivi ty of

each receiver is identical. The in-flight calfiratior . cur ve s agree

within 2 db of the pref l i~ h t calibraticas .

I!
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III . AM:MIi ~ ! I~~ ” LO JT I O N OF AURORA L KILO: :ETEI C i-IhDII~TION

Inference of an angular distr ibution can be made by examining

• where the satellites have onserved the ~n~~’nest fre cuenc’i of occurrence

- 
I of :uroral kiiL:uetric v a - ~ at ion . A two - 1aens ~ onial fr eq uency of

occurrence u iagr am of Ahh can be constructed in magnetic latitude

and magnetic local t~~ e (MLT ) h~j using c R~~ (H is the distance

fror: the sou : - to the observer ) power flux threshold criteria to

accou nt for the ex~ eo teh fiR 2 radial varLet ions  of the power flux

[see Gurnett , 1d7h ] .  gi:c~ a threshold enable s a satellite , in

nrinciple , to cLsern -~ one saoe in tens ity  A~~ bursts anywhere in its

-ore: t .

Based on a survey of ten months of Iiawiceye 1 data at 173 , Ix) ,

and 56.2 kHz and one and a if years of MT 8 data at 500 kHz a

power flux threshold was chosen to be 25 db ‘elow the maximum power

flu:’ observed for each f r enne n ey . This threshold is determined by

- the conflict ing r e -  ir e~ er~~c to obtain eroogh cota points above the

threshold for good ntatistLca l accurac; while still assuring that

the threshold is well aho’.ro :- e  receiver nofie for each spacecraft

and at en ch of tue fh ei’!enr ien analyzed . The thresholds selected are

as follows : 

- - --- -- - - - -~~~~--.- — - -~~ —“•---- -- ----• - -— - • - - - •  —----
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(500 kHz) Threshold = 

~~e/~~
2 

A (2.17 ~ lo_ 16
) Watts m 2 hz 1

( 178 kF:z ) Threshold = 

~~e/~~
2 x (7.3~ x 10_ id

) watts m 2 Hz~~

(100 kM z )  Thre shold (R / R ) 2 x (7.32 x 1o 16
) watts m 2 Hz~~

(5 6.~ kHz ) Threshold = (R /R)~ x (2.59 ~ 10
-16
) watts m~~ Hz 1

~fince the distance fcc:: the spacecraft to the source(s) of auroral

kilometric rah ia t icn  is r:ot known dnrini ’  the initial reduction of

cata , th e P value uned in calculatin , - the power flux threshold is

the geocentric r a ii : - I distance to the s~~cecraft . To reduce the error

caused i--i the uncertain-t v in the radial distance to the source and to

avoid co~:p1icaticns due to near earth oropagation effects only

measurements c~-t a ine i  at R > Re are used in the analysis. If the

source is near the earth (R < 3 do). then the uncertainty in the
r

radial distance correction to the thi’-:slicI i is at most ± 14 db , which

• is small compared to the amplitud e rai. ‘c (—
~ 

100 db )  over which

the intensity of AI~~ varies .

The frequency of occurrence diagram determined from the fre-

quency of occurrence analysis for 56.2 kHz is shown in F~ g -~re 2.

- The measurements used comprise 3.5 years of IMP 6 data and 10 months

of Hawkeye 1 data. Block of 5° increments in ~~ and 2 hour increments

of MLT are used . The magnetic coordinates of tee spacecraft determines

which block an observation is made in. In each block ~ie total number

of three minute observations of AKR are divided by the total number

of three minut e observations in that block to give the frequency of
• 

occurrence. Local midni ght is at the center of the a: scissa and the

- -  --~~~-~~~ • -~ ~~~--~~~~~ -~~~- -
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black shading represents the highest percentage of possible times

that AKR was detected above the set power flux threshold . Evident

tn Figure 2 is the distinct filled emission cone (black shading) of

AKR in the northern hemisphere. The emission cone appears to be

symmetric about 22 hours magnetic local time ind icating that the

preferred direction of A KT-; is in the local evening which is in

agreeae rd. with direction fin d i ng  aeasure;:ent s of the average source(s) t

-
~~~ location(s) [Kurth et al. . 1- 75; Kaiser and Stone, 1375]. A complica-

t e l  frequency of occurrence pattern ~lLne and dot shading) exists at

low latitudes near local midnight. At hi gh magnetic latitudes on the

day side of the eart h (~~ 
-to 10 hour s 1LT ) the frequency of ocnurrence

of AKI~ c ngen by at least a factor of 14 at = 65° ± 10° . This

rar~ change in the fr~ a uonc;i of occurrence indlcates  that a r la-

tivc:i ,r able b o : n f ir ’,r to the A~~ an~~i1~~- distribution ~-ccur: on the

day side  of the en . rth .

The frequency of occurrence l iagrams at 100 and 175 kHz,

nro -inced in the same manner as Figur e 2, are shown in Figures 3 and

~ resoer:tively . The same basic features of the A}~~ angular distribu-

- ~ o as were pointed out in Figure 2 are evident with the exception

of one significant d i f ference.  At higher frequencies (particularly

178 kHz) the cone of emission (black shading ) ha: a lurp-e solid angle

• 
and -x tends  closer to the magnetic equator at local midnight .

Figure 5 shows the frequency of occurrence of A}~ at 500 kl-iz
— 

from one and a half year s of [~ i’ 8 -lata . Hawkeye 1 and IMP 6 do not I —

have a 500 kHz channel. consequent ly we are 1 h:hted in latitudinal

hd~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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coverage to ÷ 145° ~~~~~. Figures 2 , 3, 14, and 5 are cons istent with the

picture that from 56.2 to 500 kHz the solid angle of the emission

cones increases as the frequency increases. At 500 kHz the northern

and southern emission cones overlap substantially in the region near

local midnight.

To obta in a clear idea as to where AKE is observed, on the

average , we can normalize each of tI.e frequency of occurrence diagrams.

The normalization is accomplished by changing the scale of each fre-

quency of occurrence diagram to a scale that ranges from zero to one

wL rn the maximum percent of occurrence equals one . Figure 6 shows

the normalized percentage of observed auroral kilometric rad iation for

the three frequencies 178, 100, and 56.2 kHz versus magnetic latitude.

All observat ions on the day side of the earth with magnetic local

times between 8 hours and 12 hours are on the left hand side. The

right hand side has night t i m e  observations from 20 to 214 hours

magnetic local time . The observations are organized in magnetic

latitude. The north rs~gnetic pole is directly at the center of each

plot. From 90° X the normalized occurrence of AKE drops rapidly on

the day side to less than 0.1 at 140° for each frequency . On the

night side the normalized occurrence drops rapidly at 100 and 56.2 kHz

and less rapidly at 178 kHz but to a higher value (about O.~ at 0 
~m )

than the day side drop . This day-night skewness in the normalized

occurrence of AKR , evident in Figure 6, could he pr oduced by an angular ‘I
’

distribution that would be variable in time on the ni ght side and re- 
•

lative ly well defined in t ime on the day side .

I
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A picture of where auroral kilometric radiation is beamed can

he constructed by noting the magnetic latitude ci’ the normalized half

occurrence points at all magnetic local t imes. The boundaries of the

shaded areas in Figure 7 show the position of these normalized half

occurrence points in magnetic coord inates. This illustration shows

that hIT is preferentially bea~ned into larger solid angles at higher

frequencies , appr oximately 1.1 steradians at 56.2 kHz , l .b  steradians

at 100 kid :-: , and 3.5 st er a-) ian s  at 178 kHz .

L
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IV. SIMU LTA NE OUS OBSERVATIONS AT WIDELY SEPARATED LOCATIONS

[ Simultaneous observations from two satellites at widely separa-

ted locations reveal many ir sp -orta n~ characteristics of auroral kilo-

metric r- liat~~on that cannot be discerned with a single satellite. One

of the most important questions which car: he investi gated is whether

or not ind ivib -a l  burst :  of ~
- IT sirr : 1t -ancously and uniformly illuminate

the large solid angles de . ct e in FI~ LU e 7 or whether these frequency

of occurrence distributions could be the  result of a much nar r ower

instantaneous eean~ or cone wh ich varies in t i n e .

To i1lun~ r~te , Figure 8 present: s iwu lt a : - ’ous observations of

T~~B 6 and Hawkeye 1 electric field data f o r  the cane : e - r a l  ~ iorr et r ic

etorrr -3 . On the left hand side of this f h ~u2’e t h e  cerresjo :-l ing fre-

quencies from each satellite are individually cor:~ ared in plot- s of

electric field intensity versus time . It is eas~; to see that hoti:

satellites are observing radiation originating from the same source(s).

On the right side , the satellite trajectories in MLT and X coorlinates

are shown over the corresponding time period of the electric field

obs~rvations. Figure 8 illustrates that individual AKE bursts are

foun d to radiate in large solid angles and that the frequency of

occurrence diagrams are not representations of small solid angle beams

of auroral kilometric radiation that have moved in time . In addition

-: - - 
the absolute power f luyes of AKR observed by both satellites are nearly

~~~

-
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identical (to within about 2 db). This important observation indicates

• that the source(s)  of auroral kilometric radiation uniformly illumina-t-. s

the emission cones .

Simultaneous observations of electric field data from IMP 8 and

Hawkeye 1 can be used to investigate propagation cutoffs character ist ic

of auroral kilometric radiation . In Figur e 9, for instance , IMP 8 -
•

is near three h -ours ma -r i e t i - local time at large radial distances and

is observing intense St orm .s of auroral kilometric radiati on during the

entire time period shown . Hawkeye 1 also observes these intense sthrms

of A lT but only in certain regions of its orbit. This is evidently

a spatial effect and not a temporal effect since IMP 8 still cd serves

A KI: v~ e~ Hawke~ e 1 is out of th E - emission cone .

The position of the plasmnapause in Figure 9 has been identif ied

by the  change in the low frequency (l7.~ Hz) electric field intensity

and the plasmaspheric hiss cutoff, similar to the chservations of

• 
Shaw and Gurnett [1975]. The identification of the upper hybrid

resonance (UHR) noise in Figure 9 also provides an indication of the

location of the plasinapause boundary.

In Figure 9 the position of the plasmapause at 1252 t~r (t’niver-

sal Time ) closely corresponds to the abrupt drop in intensity of AKR

as observed from Hawkeye 1 near local midnight . The t imes of the

signal loss for the different frequencies (178. 100 and 56.2 kJ{z)

are not the same . At higher frequencies the ~ ‘opagation cutoff tends

to occur closer to the earth . This same characteristic of AYh at low

altitudes on the night side has been previously reported by Ournet t
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[19714] fran IMP 6 data. Gurnett {l9714] notes that the propagation

cutoffs of AKR are consistent with the expected rapid increase in the

plasma density at the plasmapause. The higher frequencies propagate

to depths of lar ger number densities before the rapid decrease in

the amplitude of the noise occurs. This implies that the e~ctent of

the propagation of AKR on the night side is liiniieo by the loca l plasma

characteristics near the plasmapause.

At 11403 UT in Figure 9, Hawkeye 1 again leaves the plasmapause .

As the spacecraft travels upward in its trajectory on the day side

o±~ the earth the intensity of the AKR gradually begins to increase

over a distance of several Fe. IMP 8 meanwhile observes many large

amplitude bursts of AKR at its position on the night side . The

absences of an abrupt propagat ion cutoff on the day side of the earth

indicates that the latitudinal boundary of the illumination region is

not determined by the p iasma characteristics near the plasmanause ,

in direct contrast with what is observed on the night side. This

asymmetry in the angular distribution in the noon-midnight meridian

provides important i nformation about the prc.pagation of auroral

kilometric radiation at low altitudes (3 to ~ ~~~~ 
Any meaningful

model of AKR ray paths must describe this effect .

- ~~~~~~~~~~~~~ 
- - -
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V. COM PARISON OF RAY TRACING FROM ~~O AKR
GENERATION MECHANISMS

Ray tracing has been used to conf irm existing theories on the

properties of VLF an d EI~’ phenomena in the magnetosphere such as

whistlers [Kimura, 1966; Edgar and Smith, 1966]. Ray tracing diff-

erent theories on the generat ion of AKR and comparing the results

with the observed angular distribution presented in this paper is an

excellent method of testing the validity of the proposed emission

mechanisms. It will be shown in this study that the ray paths are

very sensitive to source locations.

A. Generation Mechanisms

Observations of auroral kilometric radiation such as source

location, frequency range, power level, beaming, and polarization

must be incorporated into any realistic theoretical model. Of these,

the polarization of AKR has not been measured. Models have been

proposed such that the polarization of the resultant radiation is in

either of the modes R-X or L-O. Table 1 gives a brief summary of

characteristics of the proposed generation mechanisms and those

• observed for AKR.

We can use the ray tracing technique to test the beaming and

propagation characteristics of the resultant electromagnetic emission

produced from these mechanisms . As an in it ial effort to examine the

•.

~ 
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plausibility of t±it~ ~roposed emission mechanisms for auroral kilometric

radiation this paper will consider only the results of ray tracing

from the 3fg/2 mechanism and the doppler shift emission . Both of - -

these mechan isms produce electromagnetic radiation in the R-X mode .

- F.  The Plasma Densit y Models

The polar magnetosphere and pla smapause are highly variable

during magnetic st orms . Auroral kilometric radiation is observed most

frequently during these t Lmes of disturbed geomagnetic activity

[Dunckel et aL , 1970 arid - :rnett , 19714]. In addition , the position

of the plasmapause play s an important role in the angular extent of

on the r~i~~ht side (Figure 9). Two model marrnetospheres will be

ase~ to take luto account the variability in the size of the plasmapause.

h~uria~ moderate magnetic activit ~, the :J::niaaaL~se has been

reported to be located between 3.0 and 14.5 Re in the ecuatorial  plane

[Carpenter , l~ i3 ] .  ~-~odel I (top panel)  in  F~ gi~~-- 10. shows the

electron densities used in the ray tr~ning program to represent

t imes of moderate act ivi ty.  Near times of severe magnetic storms the

plasmapause contracts and may lie between 2.5 and 3~5 h~~ [Carpenter,

1963] . Model ~i (Fi -~ re 10) represents severe magnetic stor::. times.

Each model uses an ideal ~1pole magnetic field , symmetric about

the dipole m~:-:is. Only the electron h str~ hutions in the r:orthern

h e m i - p hc E e on the n~ gid : Ld~ c L e  :nown in Figure 10.

Experimental j u s - i  ~‘i~’ntion for some of the density contours

in Mo d els  I and t E  - -a  -e found in Figure ). The T TH F noise band in

F’igure 9 has a rr~~ ’~~-n ~ m~ - -~ that  extei s between t e  local plasma

~ 

--
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f re- imcn cy and the local upper h~; r i - :  re:’o~ : j i r e fr equer i~~’ [huaw _~ d

Giwn ett , 1975]. Fro m tee c:: ~ ion of th e  l~ smapause determined by

the peak in the 17.8 Hz channel jr Figur e and the frequency range

of the UI-JR noise the plasma frequency associated with the plasmapause

boundary is between 56.2 and 100 khiz . A definition of the plasma-

pause corresponding to the 100 cm 3 ns~ ty contour (electron plasma

frequency of about 90 kRz ) in Models I mr ~d II is then consist ent with

observation. From Figure 9, the position of the plasmapause on the

day side is appr oximately 3~3 R~~ at 18.6° The plasmapause (100 cm 3

densi ty)  in Model II at 15.6~ is also 3.3 T~~~• From F igur e 9, on

the night side , the plasma pause is at appr oximately 3.87 R e at 17.e X m
which is ~aU way between the Model T and TI plasmapause positions .

C. Program Description

A ray t r ac in g  computer program developed by Sba~ba n [1966 ,

• i 1967a. 196Th] can he adanted to determine propagation characteristics

of auroral kilometric radiation. The program is based on a closed

set of first order differential equations in spherical polar coordi-

nates derived by Haselgrnve [1955] and Haseigrove and Haselgi-ove [1960].

- - These eqmations were specialized by Shawhan [1966] for ray txacing in

a :u gaet ! c meridian for n-. model a--nt ~tonphere. The expressions for

the phase index of refraction and its derivative s are in the cold

V plasma formulation by Sf~ X [iJH . The behavior of a ray ’s path is

determined from the following i nitial conditions ; the frequency of the

wave, initial wave normal angle, initial latitude, initial altitude,

propagation mode, and t b  m • -~~net -os p he ric r o d e l .

~
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C. Ray Tracing Results

Tracing of rays from the 3fg/2 source region in the noon

midnight meridian at the four frequencies 500, 178, 100, and 56.2

kHz was - 1 one in. the plasma density Model I and Model II. The results

are shown in Figures 11 and 12. This mechanism is gyrorelated and

the source 1-csition doesn ’t ‘let -end on the magnetospheric electron

density model useci. All the source locations are in the milmt,tht

meridian and ave determined i-y f inding the position on a 70 invariant

lat itude magnetic 1iel~ line whece the frequency of the observed

radiation is ecual to ~cf ~~’2 .  ~h Ls  places the sources with frequencies

of 509 , 178, 100, and 51- .2 kki z at radial distances from the earth of

1.69, 2.36, 2.83, and 3.38 he re~pentively . The 70° ~nvariant latitude

-
: field line is used to be consistent with the observations of actua l AKT~

source locations made by Alexander and ~aiser [l97~.-]. bach source

reg ion is assumed to emi t- Lee~~- oma - :e- t i c  r s b i c m i o n  in all ThirectiOns .

The sense of the initial wave normal angle (
~‘) 

is such t iat when the

direction of the phase velocity of the wave is parallel to the magnetic

field direction i~ = 180’. Increments of 5° were used in the wave

- normal angles. Figures 11 and 12 show only the rays which give the

furthest extent of the radiation and other representative ra~ n which

are of interest.

Ray paths generated in the Model I magnetosphere (plasmapause L

value of 14.6) are shown in Figure 11. The day side extent of the rays

ar€ riualitative].y what is observed ; the higher the frequency , the lower

the magnetic latitude at which the radiation can be ohrerved . Note

the rays on the ni ght side penetrat e the :~1an:v :~ - -  :e t o  depths quali-
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tatively consistent with Figure b . These ra~ paths show that the

-la:-apause presents a refracting layer. Ray behavior ~n the Model II

::agnet-osphere (pl:: n:a naus e L value of 3.6) is il lustrate : in Figure 12.

The magular extent of the -da:.’ side rays are the same as for Figure 11.

The substantial change in the angular distribution on th e ni ght side

demonstrates that the position of the ri~ eniapmuse . for th i s  source

- - 1 location , reshapes the latitudinal aerietration of the ray pcdThs. The

smaller r iasmarause has allowed the rays to propagate down to the

equatorial plane on the night side.

A comparison of this theoretical generation mechanism and the

observational results of the angular extent of AKR is made in Thule 2.

This table shows that at 7 R~
. on the cia-.- side , the edges of the

average cones ~f A}~~ (f rom F igure  7) are nearly equal to  the maximum

excursion of the ray paths of the 3fg/2 emission Cror. Fi gure 11 or 12).

There is no large variation. in the observed angular extent of A~ F on

the day side over 8 hours of MLT centered on the noon meridian. The

night side extent of AKR from Table 2 has a variation of 15’ or more

at a specific frequency over a few hours of MLT. ~1e actual size of

the plasmapause in the equatorial plane is not only variable during

magnetic activity but also is dependent on local time [carpenter . 1970].

The evening bulge, as repor i~~H by Carpenter [1070], is situated from

• 20 hours MLT to 18 hours MLT . The extent of AK? at 20 to 22 hours MLT

is similar to the extent of the r~ vs paths of t ac  3fg/2 emission in

the plasma density Model I; coincident with a bulge in the plasmapause.

Ray paths fr om the lf~ /2 emission in Model II Figur e 12)  are qualitatively

,~~ - 

~~—~~~~- _- -- - -- -_ - - - - - —--
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sin.ilar to tb-I -  bi0-~ extent from 0 to 2 aour s MLT ; coinc ident  with a

-~epr~-nsion of the ‘ —  LassT

-
~ The s m d  enerar - i on :Teehanir:r to be cons idered here is pro-

du ce by the b ar r i e r  shift of 1-0 kelJ rlec ti-ons at the electron gyro-

f m -mari e ” . The Li kc~J lactro ns arc-Thee a 2~ doppler sh if t  in their

emit t ed  — - - . clat~-or f re~~uer -n:.’ due -to the i r  velocity with respect to the

rest frame of the mcu’metosphere. The so-trce ionutions are d’ter ! ined

by asnur.Thg ~-b - - t the frc- ; :eriCv of tha wa-re is at 1.02 a hr. es the local

eic :rron gyrot :-ccaeney (fg) along a ~~~~~~ Th’~~r iam~- latit ude field line.

Ln Thectrjg~ niutic wave w ith a fre -ru-a cr of i~b lids we 1—I be -a nerated

at 2.10 Re by this me ch anism.

The t a : -  aan’i in Figure 13 shows the ray maths which make uc

the angular distr ibution of dopp ler shifted ~~rrc emission of 10 keV

electrons at 178 kHz. The ray ratn distrll’uaion is the  sm- c ‘or bot ’

bo-lal I and II pla--- u Jemnitie s -r-:-ause all the may: .rc ref1ecte~

very close to the assume d source region at or near he 2 = 0 cutoff .

binca this  source region in at low altitudes (very close to the  ~li = 0

(-utoff), the d i f f e r i ng plasmapause location has no inf ~~: : E - nce -an the

- 
localized source region , bat e i-hat the angular listri: ution from this

men hnaisr :: is not in ‘ca- ? ::gi e~g~ rji with the observed angular distribation

of AKR at 178 kHz (cornracr•- ‘~1th• i -are 12 at l7~ kHz
). bays do not

rerIetrat r~ into the day side nor into th e  a?  ‘Lt side ecuatorisi regions

at large rad iaSI cli s±~anc -a .

1~~J 4  - 

_
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VI. DISCUSSION

The 3f g/2 mechanism produces ray paths in a model magnetosphere

that qualitatively match the angular distribution of auroral kilometric

- 
-~ rad iation . It produces ray s on the day side whose nn , -u l a r  extent are

determine-] from the plas m— :-. characterist ics near the  source. The extent

of the rays on the night ride is determ in e]  by the position of the

plasmapause . The 3f g/2 m~cha n i~ m , 1~owc =er • has one serious drawback.

Fron aower considerations Gurnet t [19714] reasons that the mechanism

that riroduce: .bi~~ must be highly efficient ~~ i~ ) in. th~ conversion of

the energy of : renic~~tating electrons into electromagnetic radiation .

The actual cci lan oetween 3f /2 ele:-taj:tar ic way -s -an-? 3fg/2

a1ectr~ aa -netic waves l a s  not been verifieb e~rr~E;rir..sntai1y and it ~ S

relic-red to hate low efficiency [K.  u~ u opoulos , aersonal co~~unica-

tion with Shawhan , 1-~75 ] .

The most tn aor tr - r t  plasma model dependent aspect of ray tracing

is the allowed frequency rari :-~ of the emission produced by a generation

aeatnr~isr~. The g en e r a t i o n  mechanism specifies the polarization of the

r ad im tio. and with the r -Iclit ion of a plasma density model the frequency

range of the encriping ra-. iation is determined . The generation

mechanisms t a t  were used for ray ~raring in this paper ~ ‘oduced

radiation only in the B- ’< mode. The ra lal variation of the frequency

of 4he P-X ci:tofi along a 70 i nvariant lat itude field line in either

~
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Model I or Muiel Ii mag n emu mere: is illustrated in Figure 13 (bottom

panel ) and Figur e 114. The F 0 -:ut a fr  is the same for both plasma

- 
- models since the change- in the size c- f’ th e  plasmasphere did not affect

the electron d-a i : it i ms -at hi - latitudes . Ti- c dotted line in each

figure gi ves the frau acne :: ran -c of the rad iation emitted b:’ each

mechaniss. which is allowed to escape. The hottom panel of Fig-are 13

shows that 10 l ie’! h a up l-ar :‘iVt en :issio: . in  i-li -wed fr : :.  16-0 to

1410 kHz in  ?-?ode ls I or II ma -neto:th- - L ’e:. The freouer -.c: range of t ee

3f~ 
‘2 emission (30 r o  800 khz )  shown in 21 mre 114 is very similar to

that o~ serve - for A1~~ a: de’rcnstrate~ in Tmole 1.

A model maguetosphere could be devised which would pro- -~ce a

frequency ranr ’e for the u apcr l a- r shift mechanism in agraemena with

the observed frequency range. The electron densities it the r- uroral

regIons for sm .icm a acm -r et  c’s~ - : - - r e  woul-r  ha ve to he ret -r ed suc~i that

the t r e u n e ncy of the P-I - -utcff surfa:r is below 1.02 Thues fee local

electron gyrofrequency from T0 kHz to 2 Miiz. ;er:,’ few measurenent.s

of high latitude , high a lt i t u le  eL -i :‘on iessit ies  exist . If the

r~;acnetie field lines in the aurora] regions are t open then reduced

- electron nurhr-er --len: ?ties in these regions ina:; be 
~
-os: c-ic - . hven if

the R-X cutoff ?-e -on :~ ne-crl -. cc ii;] to the e lect ron -. .r-t-ofrecuency at

170 i~ciz the - -m ;gu lar extent a~ the .~oppLi :C. if l . cmi ssaoa on th e  -ia:-

side would increase by less than 25°. Ar nereane of aver 5]; in the

day side ract er:t of t he  doppler shift c u s s  : on (see ton  panel of

}iguir- e 13) would be necessary for this ‘n scion to be - ‘ansisi ent with

the observed day side extent of A1~~.

Li .
~~-

-
~~~~-— - -~~~~~~~~~~~~~~~ - - - ~~~~ -
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Regardless of the generation mechanism, if AKR is emitted in

the R-X mode certain limits on the location of tu e  source reg ion u - an

— be made which produce the observed angular distribution within u- 5~
from 178 kHz to 56.2 ki{z . For instance, the cross hatched me -iori in

Figure 15 shows the relationship between source locations and emission

frequencies tt .at  would pr oduce day side rays whose extent are con-

sistent with that obser-:--:d for auroral kilometric ra-Lation.  These

source locations are strongl: dependent on their posif.on relative

to the R-X cutoff s ur face ,  bays whose extent would maintain the

observed boundaries of AKP on the niant side would originate from the

source region indicated by the dot pattern in Figure 15 (using Plasma

- ‘odci I I ) .  The location of this source region is strongly dependent

on the size of the night side plasmapause.

From the ray tracing we can see that more complete observations

of auroral kilometric radiation are needed at higher frequencies

— (500 kl-Iz). These higher frequencies will according to the 3fg/2

mechanism penetrat e deeper int o the plasniapause on the night side hut

will also have source regions much closer to the earth . The result

is that the night side extent of these rays is not as great as that

of the intermediate frequencies (100 or 178 kHz). The day side

extent may eventually be determined by the day side plasn~pause.

The proposed mechani sms for the generation of auroral kilo- 
—

metric radiation that are listed in Table 1 are unable to adequately - -

exp lain the a . Itiple source locat i ons ( sane of which e ratend b ey ond 14 Re)

observed by Alexander and -h.iser [1976] at 250 kHz. It may be d ifficult
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to determine if there are mult ip le  soii’ces at high frequencies (~ 500
kHz) from their angular distributions since from ray path considerations

low altitude high frequency source locations should already pr oduce

large emission cones. 2ow frequency ( < 200 kT-iz) sources , however , at

large radial distances along an auroral field line would drastically

increase the angular extent of their emission. The time averaged

angular distributions of A I-2] at 178, 100, and 5~ .2 kl-Iz presented in

-
. this naper can be qua1itat~ -;cly described cy sources at low altitudes.

This indicates that the :- :-ul t i ple sources at radial distances greater

than 
~ 

Re for these frequencies ( 170 . 100 , and %.2 ki-Iz ) may exist

only for such short periods of time that they do not contribute sig-

ai f i c a nt ly to the frequency of occurrence , or t u i ~ int ensity of these

sources are 1oi~er than the power flux t hr e s no l I s  used in this study .



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~ - -

30

VII . CONCLUSIONS

Analysis of spacecraft data from Hawkeye 1, IMP 6 and IMP 8

have hed to the following conclusions concerning the propagati on

characteristic: of auroral kilometric rahiat -sa:

i) AKR in the northern hemisphere is Th a~ meu into a cone-shaped

region whose solid angle increases with increasing frequency, varying

from approximately 1.1 steradians at 56.2 kHz to approximately 3.5

steradians at 178 k}~z.

2) There is simultaneous illumination with nearly constant

intens ities over the entire solid angle.

3) The synunetry axis of the em ission cone is tilted toward local

evening by about 20”.

14) There is a day-night asymmet ry in the topside plasmapause

cutoffs, with sharp cutoffs on the night side of the earth and no

corresponding cutoff on the day side .

Ray tracing calculations for two proposed mechanisms using two

inagnetospheric dens ity models lead to the fo llowing conclusions :

5) The 3fg/2 mechanism has an angular extent more consistent with

the observed angular distribution than the 10 Icc’-’ doppler shift

mechanism.

I 
- 

6) Rays in the 3fg/2 mechanism exhibit the day-night asymmetry

in the topside plasmapause cutoffs.
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From general ray tracing considerations the angular distribution

of AKR can be reproduced from low altitude source regions (from 2 to

3.5 Re) along a 70
0 invariant latitude magnetic field line in the

midnight meridian using emission in the P-X mode.

~~~~~~~ 
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FIGURE II% ~-:‘ioi-~s

Figure 1 ross-call :  rat : on of t~ e- receiver responses of the rla s:’a

~~ve ner D - eat s on Daw~eae 1 and lISP 6 by osing simul-

taneous ol scm - - t ions of a tyne III radio

- i ’ur o 2 She frenac-nny of occurr n-ei~ diThrau of a- :forai kIlo-

;; t r i c  - an~ at:o as obsen ~ed from I!-T - - ani Hawkeye 1

s
~~~

ce-
~
raft  at 56.2 k}iz as a f~:nct!or;- of na~ ne~_i ic local

time and magnetic latitude.

Figure 3 The frequency of occurrence d a~-raa of a-~a-orai kilo-

ni e t r i c  radiation as oi se_ i -v e~ from L - 3  ~ and Hawkeje 1

spacecraft n t  100 kHz as a function of magnetic local

time and na -rtet ic latitude.

Fia~ u e 14 The frequency of occurrenc~ V airman; of auroral kilo-

metric ma- T ia t ion  as observed froi— ~P 6 and Hawkeye 1

:ie,ccci-a ~d. ~t 178 kHz as a f unction of magnetic local

tim e an- i ri u ui D ~c latJ L o l e  —

F if:uro 5 The frequency of occnrr -i ce ~iiagr am of auroral kilometric

radiation as -~- - nom ve -I  I sur- . IMP 8 sp ore -r a f t  at 500 kl-{z - -~

as a 1 :nc t ion of n-~~r iC -t  Ic ioc;-l t i n -  r - nj rrn - r ie t ’  intitude .

~~li ~~~-- -  -~~~~~ - - -- -- - - -  -- -
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.-~igure 6 ftc r : n i u ai i :e ; t)erccn~ of occjs r-:r :c e of auroral kilonetric

radiation in i~~~ -net  C xn er I ;ian sections between 8 an~ 12

~ours n.nri 20 and 24 ;:O~~~5 ss.nnet i c  local ~ Inc .

Fii-;u- e 7 The latit l inal h o and - ;r . - Uf tbe -sal k~Io~~t~- :n radia-

~ f 
t ion e ;t ssion cone ut 1’; , 151Q , ~- n- -‘- .2 k TZ in ~e-~ etic

:: oor -Sinat e: .  Th e 1e r- - - - in . ’ irn uit- ; r i s e  :f t~.e ‘- -ission

recion - -;iti. den ;-easinn  IDe - c n n - : i s  cl.- -s;-~~; c-,- -Sent

J iguno 8 Gimultnn eoun  onse !-vat m l : ;  tm -n :  i f awk e ;e  1 and ID - 6

s~~~c- ;cr-af ~ s of nur-~~~-J k ~ -j ; - c a r  in ra~i i nt i  ~~ at wine~ -,-

senar— ::ted r n o n e t i o  lmti t . : s .  In ttir case n~ - e intensit- , -

var i ;t ionn  rn closej : 0:-;- ~~~~~ indicat  I ;~~
- that the

r n - i  D t j o n  o r c r r s  s i n l a I ; - n r J e -~-: :~~~-; over a las -c solid er!, 1e.

In addition the absol ne power fluxes are n o n m o x i - -ately

the san-c -
~~~ both snac-:- c - r-i ’

~

i’i , -ure 9 i M P  B is at large rac~a] distances on the  nig-ht side in

- tTh northern hemisphere o b n er - -,~i nr’ ~nt-ense 1155t of AKR .

De nrib i le , I rwkev e 1 moves in and out of the  emissisn

C I a:e 5  ‘)f i, Kh as it tn--rvelr i its t rajectory near the

!- , ) : ) n — n i - : ; -  -;nt acriclian . ~ s c -serv er S f r o~- Hawkeye 1, the

tOpSThI” p].asmapause acts as an ti-rupt arinu—ation cutoff

to A u !- only on the ni 7bt- 1 1€’ . On the day side AKR

- : ecn ’t propagat e dow n to the to n i - Ic pLasmapause . She

i” .H Hz channel  is used to determine the n o s i t L o -  of the

n lasn ~. :4 ~. t U5 .

— 
_________ 

~~~~~~~~ ~~~~Z~L -
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Figure 10 T~io mo-id wavn-- t-ospheres used in t in; rrl ,’ tracing of

auroral k iLnm e tr i c  radiat ion .

Figure 11 Ray t r ac ing  results of the 3f’ e/ 2  mec n an isn in the Model I

magnetosphere at 500, 178, 100 and 5~ .2 kh:- .

Figure 12 Ray tmacirn result : of the 3I7~’~ r eclnanirm in th€ !IoJel II

r~~gnetosphere at 500, 178, lcD and 56. Di:.

Figure 13 Top Dxc-l: Ray tracing re:-ults of IL) keV doppler shi ft

gyro emission in Model I or II :-nnetospheres at 178 kVz .

Rat tan  Par;rl: The radial variation of the ~l- I - I cutoff

frequency aDano a 70 invariant latitc ie mannetic  f ield

line in th-~ V-a n- i I or II sagnetos;—’. -
~~~~ n . The arrows

indicate t i -n f r equency  ran -c of 10 k--;’d : -5- ten ;i i i f t  gyro

emission .

Figure 14 The radial variation of the ~X cutoff freauency along

the 70 i n .r : r i an t  latitude rr- ;gneti c field line in the

!-iodel I or TI magnetospheres.  The dotted line shows the

fi-e ’-i -iency rnn gc  of 3 f , /:’ e] ect-rorna -netic radiation .

Figure 15 Sourr-~ r ep ions  in the rr i -inmgi t meridian (along a 70

inivani- at latitude field line)  w h i e l -  r ;r -o u r e  rays of

frequencies 178 to 5(- .2 kflz in the R-X mode wt o: e angular

— — - - - - s - -- --.
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extent is consistent n i th  th a t n h n c - -v e - i  for AKR as

determined from t r e  frequency of n- ;- -~Lr re t . ’;e survey . The

cross hatched I n - i t c a t e s  the source region Setern .ined

from only the day r id .; ~ nt er ;t  of AhI . Tie Sot pattern

indicates the source region determined f rom only the

night n i— i c extent a” AKF ’ .
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